During growth on surfaces, diverse microbial communities display topographies with captivating patterns. The quality and quantity of matrix excreted by resident cells play major roles in determining community architecture. Two current publications indicate that the cellular redox state and respiratory activity are important parameters affecting matrix output in the divergent bacteria Pseudomonas aeruginosa and Bacillus subtilis. These and related studies have identified regulatory proteins with the potential to respond to changes in redox state and respiratory electron transport and modulate the activity of the signal transduction pathways that control matrix production. These developments hint at the critical mechanistic links between environmental sensing and community behavior, and provide an exciting new context within which to interpret the molecular details of biofilm structure determination. 
Introduction
The energy that fuels life is derived from electron transfer (redox) reactions. Changes in electron availability alter the intracellular redox state, affecting protein function and the stability of nucleic acids and lipids. Cells have therefore evolved mechanisms for coping with fluctuations in redox potential. In characterizing these mechanisms, researchers in many fields have traditionally focused on the high metabolic activity or exposure to strong oxidants that can generate toxic, enzymedamaging species [1, 2] . However, homeostatic mechanisms are also important during more subtle variations in redox potential. Redox balance -the relative availability of electron donors and acceptors -has critical implications for metabolism, and is a particularly formative parameter during multicellular growth.
Cells in all multicellular systems face the challenge of substrate limitation due to the effects of diffusion and consumption by cells closer to the system boundary.
Oxygen limitation has been a focus of research on the development of multicellular systems due to its importance as a terminal electron acceptor for many organisms. Key examples of the crucial regulatory roles of oxygen gradients include their effects on angiogenesis, fetal development, and tumor development, processes in eukaryotes for which elaborate regulatory pathways have been elucidated [3] . The significance of oxygen limitation in the development of eukaryotic multicellular systems was appreciated long before its relevance for prokaryotic ones. An even more recent event is the recognition that oxygen gradient formation not only affects the metabolism and survival of cells in bacterial communities [4, 5] , but also their behavior and community morphogenesis. This finding is the focus of two current publications that reveal the influence of redox balance on community structural development for biofilms of two divergent bacteria, the gram-negative Pseudomonas aeruginosa and the grampositive Bacillus subtilis [6 ,7 ] .
Microbial multicellularity
Biofilms -aggregates of microorganisms encased in excreted matrices -can form under diverse conditions in the laboratory and in the wild. In static cultures, biofilms grow at air-gel interfaces, forming colonies, or at air-liquid interfaces, forming pellicles. Probably as long as these culture techniques have been in use, microbiologists have marveled at the elaborate morphologies, visible to the naked eye, that are often formed by such communities [8, 9] . The wrinkled structures of rugose colonies and pellicles have strikingly similar appearances in phylogenetically disparate organisms. Wrinkle-forming organisms that have become models for the study of biofilm morphogenesis include representatives from the genera Bacillus [10] [11] [12] [13] [14] , Candida [15, 16] , Escherichia [17, 18 ] , Pseudomonas [19] [20] [21] , Rhodospirillum [22] , Saccharomyces [23] [24] [25] , Salmonella [26] , Serratia [27] , Vibrio [28, 29] and members of the phylum Actinobacteria [30, 31] (Figure 1 ). The extent of wrinkling varies widely between isolates, even within the same species, and is condition-dependent. Therefore, although for many of these systems a specific strain and morphotype is often considered more 'natural', representative, or relevant for biofilm formation 'in the wild', we submit that any system in which a community of microbes is growing on a surface encased in a self-produced matrix, regardless of its gross morphology, is still a biofilm that has solved the problem of electron acceptor limitation in some way, with physiological characteristics that are interesting in their own right.
The molecular details, mechanics, and physiological relevance of structural development have been studied for many models of microbial multicellularity. Large bodies of work describe the signaling cascades that control motility and matrix production and thereby affect biofilm morphogenesis. In B. subtilis biofilms, nonuniform cell death has been observed to precede and proposed to determine wrinkle pattern formation when mechanical forces, arising from colony growth, promote vertical buckling [32 ] . Results from an additional study in B. subtilis have suggested that wrinkles are actually channels that allow for enhanced liquid transport through the biofilm [33] . Despite these advances, for most models a thorough analysis of the response to environmental cues, and especially to changes in redox potential, have not been conducted. The significance of redox potential in determining biofilm morphology has only become apparent over the last few years with the examination of this relationship in P. aeruginosa and B. subtilis. Results from these studies suggest that colony wrinkling enhances access to oxygen and maintenance of redox homeostasis for bacteria in biofilms.
Structural modulation as a response to redox imbalance and a strategy for accessing oxygen
Electron transfer within hypoxic communities: P. aeruginosa
The elaborate wrinkles formed by colonies of some P. aeruginosa mutants became a focus of our work when we discovered the change in morphology -dramatically enhanced rugosity -that occurs when this organism is unable to produce antibiotics called phenazines [34, 35] . Phenazines are redox-active and are reduced and excreted by P. aeruginosa [36] . Extracellularly, they react readily with oxidants and can be taken up by the bacteria once again, thus acting as mediators that facilitate extracellular electron transfer [37] . Such phenazine redox cycling can support survival when P. aeruginosa is incubated in suspension with no terminal electron acceptors other than an electrode poised to catalyze phenazine oxidation [38] . Knowing that phenazines could play this physiological role, and upon observing the rugose morphology of a phenazine-null mutant, we postulated that colony wrinkling is an adaptation that supports redox balancing in response to electron acceptor limitation. Through a variety of approaches, we demonstrated that the rugose morphotype increases colony surface area and access to oxygen for resident bacteria when phenazines and other electron acceptors are absent. Consistent with this, the production of phenazines or medium amendment with the alternate electron acceptor nitrate promotes colony smoothness [6 ] . Furthermore, in the phenazine-null mutant, an increase in the cellular NADH/NAD + coincides with the onset of wrinkling and a decrease occurs as wrinkles develop. This underscores the role of colony wrinkling in increasing access to oxygen and enabling redox balancing (Figure 2 ).
Electron transfer within hypoxic communities: B. subtilis
Whether colony wrinkling is a strategy for accessing oxygen in the diversity of rugose colony models that have been studied is still unknown. However, a recent publication by Kolodkin-Gal et al. [7 ] indicates that this scenario does hold in the bacterium B. subtilis. B. subtilis does not produce phenazines, but, as we have observed in P. aeruginosa, varying the atmospheric oxygen concentration modulates the extent of colony wrinkling. Furthermore, adding nitrate to the medium also decreases wrinkling. The effects of varying oxygen concentration and adding nitrate on both colony systems are consistent with the model that colony wrinkling is a readout for redox imbalance. Interestingly, different nitrate reductases appear to be involved in the rugose-smooth morphological change that occurs when P. aeruginosa and B. subtilis are grown with nitrate in an aerobic atmosphere. While P. aeruginosa requires the periplasmic nitrate reductase Nap for smooth colony formation on nitrate, B. subtilis requires the membrane-associated (respiratory), cytoplasmic nitrate reductase Nar. Nevertheless, these results suggest that for both P. aeruginosa and B. subtilis, wrinkling to enhance access to oxygen and utilization of nitrate (when available) are strategies for balancing the intracellular redox state during growth in biofilms (Figure 2) . In organisms where additional anaerobic metabolisms, such as fermentation, contribute to redox balancing, utilization of such strategies may support the survival of bacteria in anoxic biofilm regions [18 ] .
Electron shuttling in biofilms: a more general strategy?
Though many additional studies are required to investigate the physiological roles of wrinkling in the diverse microbes that adopt this colony morphology, intriguing findings across phylogeny point to a theme with respect to the roles of mediator compounds. In early work examining respiratory activity in both normal and malignant tissues, biologists observed that compounds such as phenazines increased respiration rates [39, 40] . They theorized that such mediators could act as electron acceptors for cells experiencing oxygen limitation within tissues, then diffuse to aerobic zones for re-oxidation. Furthermore, upon observing that such electron acceptors are produced by certain species of bacteria, some authors also suggested that they could act as endogenous respiratory substrates [41] . It was only recently and with the increased appreciation that the biofilm lifestyle is a dominant mode of growth for many microorganisms that it became apparent that mediators could support redox balancing for their producing cells during residence in multicellular structures. Intriguingly, mutants of Streptomyces coelicolor A3(2) unable to produce the diffusible redox-active antibiotic actinorhodin form more rugose colonies than their wild-type parent, raising the possibility that pigment-dependent electron shuttling occurs in diverse organisms [34] . Microbes that do not produce mediators may be able to utilize diffusible redox-cycling compounds produced by other organisms in the environment to support redox balancing during multicellular growth. In this context it is interesting to note that phenazines induce a rugose-to-smooth morphotypic switch in colonies of the yeast Candida albicans [16] , though whether C. albicans communities can use phenazines for extracellular electron transfer and cellular redox balancing in biofilms is not known. Electron shuttling, nitrate reduction, and colony wrinkling are strategies that can support redox balancing, indicated by the NADH/NAD + ratio, for microbes in biofilms. The model presented here is based on findings from two recent publications concerning colony morphogenesis in P. aeruginosa and B. subtilis; whether these strategies are employed in other microbial communities remains to be investigated.
Mechanisms linking cue/signal sensing to community output
Connecting redox state to morphogenesis in B. subtilis Production of an extracellular matrix, which can comprise polysaccharides, amyloid proteins, and nucleic acids, is an important defining feature of biofilms [42] . Specific matrix components, which vary between organisms, are required for the formation of certain structures. In P. aeruginosa PA14, the Pel polysaccharide is required for colony wrinkling [19] . Importantly, a double mutant unable to produce Pel polysaccharide or phenazines remains smooth and exhibits a reduced intracellular redox state that persists throughout colony development [6 ] . This finding suggests that the NADH/NAD + ratio, or another indicator of the cellular redox potential, is sensed by regulatory pathways that control features such as Pel polysaccharide production that then control colony wrinkling. In B. subtilis, a polysaccharide encoded by the eps genes and the amyloid protein TasA are major components of the matrix that are required for wild-type wrinkling [13] . Kolodkin-Gal et al. found that expression from the promoter controlling the tapA-sipW-tasA or 'tapA' operon correlated with wrinkling in the context of varying oxygen and nitrate availability. Decreasing the concentration of FeCl 3 in the medium demonstrated a correlation between wrinkling, expression from P tapA , and oxidation of the NAD(H) pool (decreased NADH/ NAD + ). However, a time course was not conducted, so this study does not examine the possibility of a causative relationship between changes in the NADH/NAD + ratio and colony wrinkling. Production of the polysaccharide cellulose and curli fimbriae are required for rugosity in E. coli and S. enterica Typhimurium [18 ,43-45] , and a polysaccharide critical for rugosity has also been described for Vibrio cholerae [46, 47] . Various stresses have been shown to affect the production of these components, though in most cases it is not clear whether redox imbalance is one of them. Interestingly, studies examining the effects of oxygen limitation on regulatory gene expression, and the abundance of NAD + in wild-type and matrix-deficient strains, in Salmonella suggest that colony development could both respond to and affect redox homeostasis in this organism [48 ,49] . In contrast to KinB, KinA is not predicted to interact with the membrane. KinA contains three tandem PAS domains, motifs that often bind small molecule ligands. In organisms ranging from bacteria to plants and humans, PAS domains have been shown to sense signals and parameters such as redox potential, oxygen availability, and light intensity through conformational changes or phosphorylation events [51] . Associated effector domains on the same protein propagate this signal to downstream targets. The PAS-A and PAS-C domains of KinA were found to be necessary for wild-type levels of P sinI activity and wrinkling. Through HPLC and mass spectrometry of extracts from purified KinA, NAD + was identified as a potential ligand for the PAS-A domain. This result suggests that KinA contributes to the morphological response to changes in iron levels and oxygen availability by sensing the effects of these environmental cues on the cellular NAD(H) pool [7 ] .
Connecting redox state to morphogenesis in P. aeruginosa
Unpublished work has also indicated a role for PAS domain-containing proteins in P. aeruginosa colony morphogenesis. To find the players involved in sensing and initiating the response to electron acceptor limitation in colonies, we screened a P. aeruginosa PA14 transposon mutant library for hyperwrinkled mutants. Focusing on proteins with predicted sensory and signal transduction roles, we hypothesized that the mutants hyperwrinkled due to an inability to relay accurate information about the intracellular redox state; i.e., they wrinkled to alleviate a redox stress that did not exist. Several mutants representing PAS domain-containing proteins were found among the hyperwrinklers. Our studies suggest that one of these proteins affects Pel polysaccharide production by modulating levels of the ubiquitous second messenger cyclic di-GMP (c-di-GMP).
Redox-driven modulation of multicellular structure: themes across phylogeny C-di-GMP-dependent regulation is a common theme in diverse models of bacterial multicellularity, linking signal transduction cascades to matrix production [47, [52] [53] [54] . The presence of YciR, a PAS domain-containing protein, in a signaling network that modulates c-di-GMP levels in E. coli suggests that the involvement of PAS domains in these hierarchies is also a common feature [55] . With the identification of redox imbalance as a key signal exerting global control over these mechanisms, the studies in P. aeruginosa and B. subtilis that we have highlighted suggest that, as in complex multicellular eukaryotes, community development responds to and determines the redox state of individual cells in the population. As the role of relative electron donor and acceptor availability in shaping populations is determined for additional and diverse microbial species, the importance of redox chemistry, not just to metabolism but also to morphogenesis, in biology becomes all the more evident.
